Introduction {#Sec1}
============

Molybdenum disulfide (MoS~2~), a typical transition metal dichalcogenide (TMDC) material, is attracting significant attention from researchers in the field of future optoelectronic devices due to its excellent optical as well as electrical properties, such as a high absorption coefficient, narrow bandgap, and high carrier mobility \[[@CR1]--[@CR5]\]. In recent years, MoS~2~ has been studied extensively in relation to thin film transistor (TFT) technology, and TFTs composed of multi-layer MoS~2~ have been found to exhibit useful features of future switching devices, such as large on/off current ratios, high field effect mobility values (μ~FE~), low temperature processes, and low power consumption \[[@CR6], [@CR7]\]. Especially due to its narrow bandgap, MoS~2~ has emerged as a prime material for photodetector as well as phototransistor applications, demonstrating the potential to outperform graphene by demonstrating better light responsiveness \[[@CR8]--[@CR12]\]. MoS~2~, however, exhibits a direct or an indirect energy bandgap property based on the number of layers \[[@CR13]\]; therefore, its carrier mobility, absorbance and luminescence properties as well as its structural properties all strongly depend on the number of layers \[[@CR14]--[@CR16]\]. Multi-layer MoS~2~ has a higher density of state and a relatively narrow bandgap as compared to mono-layer MoS~2~ which can be advantageous for phototransistor applications \[[@CR17]\]. However, unlike mono-layer MoS~2~, the multi-layer MoS~2~ has an indirect bandgap characteristic and therefore multi-layer MoS~2~ phototransistors possess inferior optical properties as compared to mono-layer MoS~2~ phototransistors \[[@CR9]\].

The optical properties of the multi-layer MoS~2~ phototransistors can be improved significantly by utilizing transparent electrodes. However, the high work function of conventional transparent electrodes often gives rise to a large Schottky barrier and limits device performance \[[@CR18]\]. The proper choice of transparent electrode is therefore of utmost importance to achieve high performance from MoS~2~ phototransistors. In this study, we investigate the electrical as well as the optical properties of single-layer as well as multi-layer MoS~2~-based phototransistors and demonstrate improved optical properties of multi-layer MoS~2~ phototransistors through the use of see-through metal electrodes instead of traditional global bottom gate or patterned local bottom gate structures. An increase in the dark-state ON current as well as the photocurrent in an illuminated state was observed when increasing the MoS~2~ thickness from the monolayer to the bulk due to the increase in the carrier concentration along with an increase in the decay time, as revealed by persistent photoconductivity (PPC) measurements. The see-through metal electrode utilized in this study was found to exhibit transmittance of more than 70% under visible light at 532 nm, thereby allowing the incident light to reach the entire active area below the source and drain electrodes. To investigate the effect of the contact electrodes on MoS~2~ phototransistors further, phototransistors with conventional opaque electrodes and transparent IZO electrodes were fabricated and compared to the proposed electrode. To gain better insight into the behavior of the photocurrent mechanism of the multi-layer MoS~2~ phototransistor with the see-through metal electrode, position-dependent photocurrent measurements were also carried out by locally illuminating the MoS~2~ channel at different positions.

Experiment {#Sec2}
==========

The MoS~2~ phototransistors were fabricated in a conventional inverted staggered gate structure. Each MoS~2~ flake was mechanically exfoliated from a bulk MoS~2~ crystal and transferred to the top of a highly doped p-type Si wafer with a SiO~2~ thickness of 3000 Å. Highly doped p++ silicon and silicon dioxide layers were used as the back gate and gate insulator, respectively. After transferring the MoS~2~ onto the substrate, source and drain electrodes were patterned by conventional photolithography. Finally, the Ti/Au metal was deposited by electron beam evaporation as a contact electrode. The formation of single-layer as well as multi-layer MoS~2~ was confirmed with the help of AFM and Raman spectroscopy. The electrical and the optical properties of the TFTs were measured using a semiconductor device analyzer. A monochromator with wavelengths within the visible light region (400--900 nm) was employed to measure the optical characteristics of the individual phototransistors. In particular, a beam with a wavelength of 532 nm and with a radius of 1 µm in the Raman spectroscope was utilized to carry out the position-dependent photocurrent measurements of the TFTs.

Results and discussion {#Sec3}
======================

Figure [1](#Fig1){ref-type="fig"}a shows the schematic diagram of the fabricated MoS~2~ photo-TFT with the conventional bottom gate structure. The number of MoS~2~ layers in the as-fabricated phototransistor was confirmed from the AFM height profiles, as depicted in Fig. [1](#Fig1){ref-type="fig"}b. As shown in the figure, the height of the mono-layer MoS~2~ on the substrate is around 0.7 nm or more, which is slightly higher than the theoretical thickness of 6.15 Å due to the absorber on the MoS~2~ surface. Figure [1](#Fig1){ref-type="fig"}c presents the Raman spectrum of MoS~2~ at different thicknesses. The $\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"}a presents the I~DS~--V~GS~ characteristics of the MoS~2~ phototransistors with different layer thicknesses under dark and illuminated conditions. An increase in the dark-state ON current as well as the photocurrent in the illuminated state was observed with an increase in the MoS~2~ thickness from the monolayer to the bulk. Figure [2](#Fig2){ref-type="fig"}b shows the photocurrent (I~Photo~) to dark current (I~Dark~) ratio in the off state and the drain current in the on state as a function of the layer thickness. The increase in the drain current with the layer thickness can be explained by the increased carrier concentration. The effects of the layer thickness on the persistent photoconductivity (PPC) of the fabricated MoS~2~ phototransistors are shown in Fig. [2](#Fig2){ref-type="fig"}c. The PPC measurements were carried out by exposing the MoS~2~ TFTs to light pulses at a wavelength of 400 nm with a fixed intensity (5 mW/cm^2^). Figure [2](#Fig2){ref-type="fig"}d shows the decay time with the maximum photocurrent for the different layers obtained from Fig. [2](#Fig2){ref-type="fig"}c. Here, the decay time represents the time required for the photocurrent to decrease from the maximum level to one-fifth of its maximum value. It can be seen that the decay time and the magnitude of the maximum photocurrent of the phototransistors increase with an increase in the layer thickness.Fig. 2**a** I~DS~--V~GS~ characteristics under dark and illuminated conditions (λ = 400 nm and power ∼ 50 mW/cm^2^), **b** ratio between I~Photo~ and I~Dark~ (left side axis) at V~GS~ = − 20 V and I~DS~ (right side axis) at V~GS~ 20 V, **c** dynamic photosensitivity under pulsed illumination, and **d** decay time and maximum photocurrent (obtained from Fig. 4.2c) of MoS~2~ photo-TFT samples with different numbers of MoS~2~ layers

The optical property of the as fabricated MoS~2~ phototransistors were significantly enhanced by adapting see-through transparent electrodes instead of the traditional global bottom gate or patterned local bottom gate structures and were compared with those of conventional opaque electrodes and transparent IZO electrodes. Figure [3](#Fig3){ref-type="fig"}a--c show the I~DS~--V~GS~ characteristics of MoS~2~ phototransistors with various metal electrodes. This measurement was carried out under both dark and light conditions using a focused laser with different wavelengths at steps of 100 nm.Fig. 3I~DS~--V~GS~ characteristics of the multi-layer MoS~2~ phototransistor with **a** see-through metal, **b** thick opaque metal and **c** IZO transparent metal in the dark and under illumination at different wavelengths

From Fig. [3](#Fig3){ref-type="fig"}c, it can be seen that the use of IZO transparent metals limits the optical performance of the MoS~2~ phototransistor due to the high Schottky barrier resulting from the Fermi-level pinning effect caused by its high workfunction (\~ 5 eV). Furthermore, the sheet resistance of the IZO metal electrode obtained from four-point probe measurements was as high as 105 Ω/square. On the other hand, the sheet resistance of the see-through metal electrode was 8 Ω/square, much lower than that of IZO, which is not significantly different from the value of 1.4 Ω/square, which is the sheet resistance of a conventional Ti/Au metal electrode. The see-through metal was chosen not only for its sheet resistance properties but also for its transmittance capabilities. This see-through metal electrode shows transmittance of 70% under visible light of 532 nm and allows incident light to reach the entire channel area below the source and drain electrodes.

The optical properties of the external quantum efficiency (EQE), responsiveness (R) and collected carrier density (n~coll~) of the phototransistors were extracted and calculated from Eqs. ([1](#Equ1){ref-type=""}), ([2](#Equ2){ref-type=""}) and ([3](#Equ3){ref-type=""}) as a function of the wavelength depending on the different contact electrodes \[[@CR21], [@CR22]\]. These results are shown in Fig. [4](#Fig4){ref-type="fig"}.$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \eta_{coll} = \frac{{I_{DS} }}{{q\mu_{FE} \left( {W/L} \right)t_{s} V_{DS} }}. $$\end{document}$$Here P~i~ is the power density in the illumination state, hν is the incident photon energy, J~Total~ is the current density in the illumination state, J~Dark~ is the current density in the dark state, μ~FE~ is the field-effect mobility of each device and t~S~ is the MoS~2~ layer thickness.Fig. 4**a** I~Photo~ and external quantum efficiency (EQE), **b** responsivity and collected carrier density values of multi-layer MoS~2~ phototransistors with see-through metal, thick opaque metal and IZO transparent metal electrode under illumination at different wavelengths

As shown in Fig. [4](#Fig4){ref-type="fig"}, MoS~2~ phototransistors with see-through metal electrodes exhibit significantly improved optical properties as compared to the thick opaque or IZO transparent metal in the visible region. This results from the enhancement in the photocurrent due to the penetration of incident light to the entire active region below the transparent electrode, as described above.

To identify the photocurrent mechanism, the photocurrent of the multi-layer MoS~2~ phototransistor with the see-through metal electrode was measured by locally illuminating the MoS~2~ channel at different positions (inset of Fig. [5](#Fig5){ref-type="fig"}b). A beam with a wavelength of 532 nm at an intensity level of 0.99 μW was used for this purpose. As indicated by the I~DS~--V~GS~ characteristics presented in Fig. [5](#Fig5){ref-type="fig"}b, the photocurrent of the MoS~2~ TFT is highest when the beam is located at the source position (A), after which it decreases along the channel (B, C, D), and is lowest at the drain (E). This can be explained by the barrier height variation (BHV), i.e., Δφ~B~, between the source and the channel due to the incident light. The BHV in this case is mainly caused by the electrostatic force induced at the junction between the metal and the semiconductor. It can be expressed by the following equation.$$\documentclass[12pt]{minimal}
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Figure [5](#Fig5){ref-type="fig"}b shows the BHV depending on the beam position obtained from Eq. ([4](#Equ4){ref-type=""}). As expected, the BHV at the source position has the largest value. Due to the increased BHV, a greater amount of electron injection (n~inj~) occurs from the source and causes an increase in the photocurrent \[[@CR23]\]. From Eqs. ([3](#Equ3){ref-type=""}) and ([4](#Equ4){ref-type=""}), n~inj~ can be deduced as follows:$$\documentclass[12pt]{minimal}
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Conclusion {#Sec4}
==========

In summary, we fabricated mono-layer to multi-layer MoS~2~ TFTs and evaluated their electrical and optical properties. Increases in the dark-state ON current as well as the photocurrent in an illuminated state were observed along with an increase in the decay time (as found in the PPC measurement results) with an increase in the MoS~2~ thickness from the monolayer to the bulk due to the increased carrier concentration. To improve the optical properties, a see-through metal electrode with a very thin film of Ti/Au metal was introduced. This see-through metal electrode showed transmittance of 70% or more under visible light at 532 nm. MoS~2~ phototransistors with see-through metal electrodes exhibit significantly improved optical properties as compared to thick opaque or IZO transparent metal samples in the visible light region. Furthermore, photocurrent measurements with respect to the position of the beam along the MoS~2~ channel revealed that more electrons are injected from the source when the beam is placed on the source side due to the reduced barrier height, giving rise to a significant enhancement in the photocurrent. We hope that the results presented here can provide considerable help to those attempting to understand the photocurrent mechanism as well as the origin of the improved high photocurrent in these types of devices.
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